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Conventional annular Hall thrusters become inefficient when scaled to low power. Their lifetime
decreases significantly due to the channel wall erosion. Cylindrical Hall thrusters, which have lower
surface-to-volume ratio and, thus, seem to be more promising for scaling down, exhibit performance
comparable with conventional annular Hall thrusters of the similar size. Plasma potential, ion
density, and electron temperature profiles were measured inside the 2.6 cm cylindrical Hall thruster
with the use of stationary and slow movable emissive and biased Langmuir probes. Potential drop
in the 2.6 cm cylindrical Hall thruster is localized mainly in the cylindrical part of the channel and
in the plume, which suggests that the thruster should suffer lower erosion of the channel walls due
to fast ion bombardment. Plasma density has a maximum of about (2.6– 3.8)31012cm23 at the
thruster axis. At the discharge voltage of 300 V, the maximum electron temperature is about 21 eV,
which is not enough to produce multiple ionization in the accelerated flux of Xe1 ions. © 2004
American Institute of Physics.@DOI: 10.1063/1.1642734#

I. INTRODUCTION

Scaling to low power Hall thrusters requires a thruster
channel size to be decreased while the magnetic field must
be increased inversely to the scaling factor.1 Implementation
of the latter requirement is technically challenging because
of magnetic saturation in the miniaturized inner parts of the
magnetic core. A linear scaling down of the magnetic circuit
leaves almost no room for magnetic poles or for heat shields,
making difficult the achievement of the optimal magnetic
fields. Nonoptimal magnetic fields result in enhanced power
and ion losses, heating, and erosion of the thruster parts,
particularly the critical inner parts of the coaxial channel and
magnetic circuit. Thruster channel erosion due to fast ion
bombardment is one of the main factors limiting the lifetime
of Hall thrusters.1 Thus, to avoid enhanced channel erosion is
one of the major challenges for low-power Hall thruster tech-
nology.

Currently existing low-power Hall thruster laboratory
prototypes with channel diameters 2–4 cm operate at 100–
300 W power levels with efficiencies in the range of
10%–30%.2–4 However, further scaling of the conventional
geometry Hall thruster down to subcentimeter size5 results in
even lower efficiencies~6% at power level of about 100 W!.
The low efficiency might arise from a large axial electron
current, enhanced by magnetic field degradation due to ex-
cessive heating of the thruster magnets, or from a low degree
of propellant ionization. Thus, miniaturizing the conven-
tional annular Hall thruster does not appear to be straightfor-
ward.

A cylindrical Hall thruster~CHT!, suggested in Ref. 6, is
illustrated in Fig. 1~a!. The thruster consists of a boron–
nitride ceramic channel, an annular anode, which serves also
as a gas distributor, two electromagnetic coils, and a mag-

netic core. What distinguishes this thruster from conven-
tional annular and end-Hall thrusters7 is the cylindrical con-
figuration with an enhanced radial component of the cusp-
type magnetic field. The magnetic field lines intersect the
ceramic channel walls. The electron drifts are closed, with
the magnetic field lines forming equipotential surfaces, with
E52ne3B. Ion thrust is generated by the axial component
of the Lorentz force, proportional to the radial magnetic field
and the azimuthal electron current.

The cylindrical channel features a short annular region
and a longer cylindrical region. The length of the annular
region is selected to be approximately equal to an ionization
mean free path of a neutral atom. This provides high ioniza-
tion of the working gas at the boundary of the annular and
the cylindrical regions. In this case, most of the voltage drop
occurs in the cylindrical region. It may be possible to accel-
erate ions in the cylindrical channel predominantly in the
longitudinal direction and towards the thruster axis, thus re-
ducing the channel wall wear.

Compared to a conventional geometry~annular! Hall
thruster, the CHT has lower surface-to-volume ratio and,
therefore, potentially smaller wall losses in the channel. Hav-
ing potentially smaller wall losses in the channel, a CHT
should suffer lower erosion and heating of the thruster parts,
particularly the critical inner parts of the channel and mag-
netic circuit. This makes the concept of a CHT very promis-
ing for low-power applications.

A relatively large 9 cm diam version of a cylindrical
thruster exhibited performance comparable with conven-
tional annular Hall thrusters in the subkilowatt power range.6

It was shown that the ion acceleration in the 9 cm CHT
occurs in the cylindrical part of the channel. A miniature 2.6
cm diam CHT, in the power range 50–300 W, was shown to
have efficiency~15%–32%! and thrust~2.5–12 mN! similar
to those of the annular thruster of the same size.8 It was
found that both the 9 and 2.6 cm CHTs have unusually high
propellant ionization efficiency, compared to conventional
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Hall thrusters. The ratio of the total ion current to the effec-
tive propellant mass flow current, in the case of the 2.6 cm
CHT, could exceed unity, which clearly indicates the pres-
ence of multicharged Xe ions in the ion flux generated by the
thruster. In a recent work,9 numerical simulations, performed
within the framework of a quasi-one-dimensional~1D! sta-
tionary thruster model, showed that space-charge saturation
of a wall sheath limits the temperature of Maxwellian elec-
trons in the thruster at the value insufficient for strong ion-
ization and multicharged ions generation. Therefore, the in-
crease in the propellant utilization in the 2.6 cm CHT does
not appear to be quantitatively explained by a reduction of
plasma wall losses.

In the present work, distribution of plasma potentialfpl

and plasma~ion! density Ni inside the 2.6 cm CHT was
studied by means of stationary and slow movable floating
emissive and biased Langmuir probes. We emphasize that
these measurements of plasma parameters were performed in
a Hall thruster of a very low power~;100 W!. It was found
that even though the radial component of the magnetic field

has a maximum inside the annular part of the CHT, the larger
fraction of the applied voltage, as in the 9 cm CHT, is local-
ized in the cylindrical region. A significant potential drop
was observed also in the plume, where the magnetic field is
much weaker than in conventional Hall thrusters. At the dis-
charge voltage of 300 V, the maximum electron temperature
was about 21 eV, which is not enough to produce multiple
ionization in the accelerated flux of Xe1 ions. Distribution of
plasma density in the cylindrical part of the channel appeared
to be very nonuniform in the radial direction:Ni peaked at
the thruster axis at about (2.6– 3.8)31012cm23, while near
the outer wallNi was on the order of (1.5– 6)31011cm23.

This article is organized as follows: In Sec. II, the ex-
perimental setup is described and considerations of probe
design are given. Section III describes the experimental pro-
cedure. The key results obtained in the experiments are pre-
sented, and their implications are discussed in Sec. IV. In
Sec. V, we summarize our main conclusions.

II. EXPERIMENTAL SETUP

A. Thruster and vacuum facility

The 2.6 cm CHT, shown in Fig. 1~b!, was scaled down
from the 9 cm CHT to operate at about 200 W power level.
The total length of the channel is 2.2 cm, and the annular
region is approximately 0.6 cm long. The outer and the inner
diameters of the channel are 2.6 and 1.4 cm, respectively.
The overall diameter and the thruster length are both 7 cm.
The magnetic circuit consists of two coils connected to sepa-
rate power supplies. The currents in the coils are counterdi-
rected to produce a cusp magnetic field with a strong radial
component in the channel.

Magnetic field profiles in the 2.6 cm CHT are shown in
Fig. 2~a!. The radial componentBr of the magnetic field
reaches its maximum a few millimeters from the anode and
then reduces towards the channel exit. Although the axial
componentBz is also strong, the magnetic field in the annu-
lar part of the channel is predominantly radial, the average
angle between the field line and the normal to the walls is
about 30°@see Fig. 2~b!#. The magnetic field has a mirror-
type structure near the thruster axis, with the maximumB
;1400 G at the central ceramic piece wall.

Implementation of internal probe diagnostics in the 2.6
cm CHT presented a very challenging technical task because
of a very compact thruster design. In order to accommodate
the probes, several modifications of the original magnetic
circuit were made. The changes in the magnetic circuit were
designed so that the magnetic field inside the channel re-
mained unperturbed. This fact was carefully checked by both
magnetic field measurements and simulations.

The experiments took place in a 0.4 m3 vacuum cham-
ber, equipped with a turbomolecular pumping system~Small
Hall Thruster facility at Princeton Plasma Physics Labora-
tory!. The measured pumping speed reached;12006200 l/s
for Xe. The working background pressure of Xe was about
6.531025 Torr for the total propellant flow rate of 0.6 mg/s.
Two commercial flow controllers, 0–10 and 0–15 sccm,
volumetrically calibrated in the flow rate range of 1–10

FIG. 1. ~a! Schematic of a cylindrical Hall thruster and~b! the 2.6 cm
cylindrical Hall thruster.
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sccm, supplied research grade Xe gas to the anode and the
cathode, respectively.

A commercial HeatWave plasma source was used as a
cathode neutralizer. The cathode was mounted so that the
angle between the thruster and cathode axes was 30°@see
Fig. 1~b!#. The cathode outlet orifice was located approxi-
mately 54 mm away radially and 20 mm downstream from
the center of the channel exit. The cathode flow rate of Xe
was held at 0.2 mg/s for all the experiments.

B. Probe design considerations

The harsh environment of a Hall thruster creates signifi-
cant difficulties in collection and interpretation of Langmuir
probe data. Probe diagnostics is complicated due to the pres-
ence of streaming ions, electron fluxes, high electric, and
magnetic fields. However, despite these complications, Lang-
muir probes remain the simplest and cheapest diagnostic tool
for plasma measurements inside a Hall thruster. Both
stationary10–12 and movable6,13–16 probes were successfully
used for plasma measurements in kilowatt and subkilowatt
Hall thrusters.

Hall thruster plasma is extremely sensitive to probe im-
mersion. Probe-induced perturbations of the discharge in
kilowatt Hall thrusters are typically very strong: The dis-
charge current jumps to 150%–200% of its unperturbed
value.14,15 However, in Hall thrusters with outer channel di-

ameters of 12–17 cm, the discharge current perturbations can
be decreased by the use of a fast reciprocating probe15,16and
almost eliminated if the fast probe of a special design is
used.17

The use of complex and expensive fast probe positioning
setup did not seem reasonable for the purposes of the present
preliminary study. It was also doubtful whether the fast probe
immersion diagnostics, even if implemented, can be effec-
tively used for a very small size plasma discharge studied in
the present work. Therefore, we chose to use stationary
probes mounted on the outer channel wall to measure plasma
parameters inside the thruster. Typically, such probes do not
induce significant perturbations in a Hall thruster
discharge.10–12 Deducing bulk plasma properties from the
near-wall measurements is complicated due to sheath and
presheath phenomena. This question was not addressed in
the present work. Plasma parameters measured at the wall
are understood as quantities averaged over the length of the
flux tube sampled by a probe.

High magnetic field in the 2.6 cm CHT complicates
probe measurements dramatically. For the unmagnetized
probe theory to be valid for a cylindrical probe oriented per-
pendicular to the magnetic field, the probe diameterd must
be smaller than the electron gyrodiameter18

d!
4.8@Te~eV!#1/2

B~G!
. ~1!

For the measurements on the outer channel wall of the 2.6
cm CHT (Te;14– 20 eV), the most severe limitation is im-
posed on a probe in the annular part of the channel, where
the maximumB is about 750 G:d,0.24 mm. Such thin
probes, if used for biased measurements to determine plasma
potential, appear to be impractical because of their short life-
time limited due to fast ion bombardment. More importantly,
probe erosion changes the length of the wire that collects
plasma. Thus, a large uncertainty in the probe collection area
can be introduced.

From the above considerations, the floating emissive
probe technique19 was chosen for the plasma potential mea-
surements in the 2.6 cm CHT. The floating emissive probe
provides a direct instantaneous measure of the plasma poten-
tial regardless of whether the plasma is stationary or flowing.
No voltage sweep is required. Emission of electrons from a
hot floating filament into plasma tends to eliminate the po-
tential difference between the probe and the plasma. How-
ever, the space charge of cold emitted electrons (Te

em

!Te
plasma) causes saturation of the sheath surrounding the hot

filament, and floating potential of the emissive probef f
em

occurs to be downshifted from the plasma potentialfpl by a
value on the order of the plasma electron temperatureTe

20,21

Df5fpl2f f
em'1.5Te . ~2!

In magnetized plasmas the emitted electrons tend to follow
the magnetic field rather than expanding away from the
probe in all directions. Thus, the magnetic field lines should
intersect the probe wire, and condition~1! should be satisfied
for the wire diameter.

Due to their large mass, ions in a Hall thruster are not
magnetized,r iL@L, wherer iL is the ion gyroradius andL is

FIG. 2. ~a! Magnetic field profiles in the 2.6 cm CHT:I back52.5 A, I front

521 A and~b! probe setup used in the experiments. Magnetic field distri-
bution is given for the same coil currents as in~a!. Fast and slow ion
trajectories are also indicated.
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the characteristic channel size. In principle, plasma~ion!
densityNi can be conveniently derived from the ion satura-
tion current I is measured by a probe. In the 2.6 cm CHT,
planar probes mounted flush with the outer channel wall
were used to measureI is . The same planar probes were also
employed for floating potential measurements. To have a
supplemental independent check of the plasma potential, the
planar probes were used as well for biased measurements in
the regime of electron collection. For the conditions in the
2.6 cm CHT, no significant reduction of the electron satura-
tion current on a planar probe is expected~see Sec. III!.
However, strong magnetic and electric fields and fast ions
cause rounding of the knee of the probe current–voltage
(I –V) characteristic.

It is well known that a Hall thruster operation is strongly
influenced by the channel wall material. For example, by
placing conductive or emissive segmented electrodes along a
ceramic wall it is possible to control the distribution of elec-
tric field in the thruster plasma.22,23 In the present experi-
ments, several flush-mounted probes had to be used simulta-
neously to measure axial profiles and to study azimuthal
symmetry of the discharge. Taking into account the small
channel size of the thruster, it was necessary to minimize the
probe diameter in order not to change the regime of thruster
operation.

C. Probe setup

Probe setup used in the experiments is shown in Fig.
2~b!. Measurements along the outer channel wall were per-
formed at four axial locations:z55, 10.3, 13.5, and 22 mm.
Distance was measured from the anode towards the thruster
exit. Four radially inserted probes were used at each axial
location. The probes were distributed azimuthally at 90° to
each other to monitor azimuthal symmetry of the discharge.
Typically, one emissive and three cold planar probes were
used at each axial location.

The emitting portion of an emissive probe was a loop-
shaped filament made of 0.1 mm diam thoriated tungsten
wire. Thus, condition~1! was satisfied, at least marginally,
everywhere in the channel. The ends of the filament were
inserted down a double bore alumina tubing~outer diameter
1.22 mm! along with copper wire leads. The width and
height of the emissive loop protruding into the plasma was
approximately 1 mm. The probes were mounted so that the
end of the alumina insulator was flush with the channel wall
and the loop plane was parallel to the anode surface. Due to
the small emissive wire diameter, the lifetime of the emissive
probes was very short and the probes had to be replaced
frequently.

The planar probes were constructed of 0.74 mm diam
tungsten wire and 1.22 mm outer diam alumina tubing. The
collecting surface of the wire was flush with the edge of the
alumina insulator and with the channel wall.

An additional slow movable emissive probe was used to
determine plasma potential at the thruster exit plane and in
the plume. The use of a special probe shield, developed in
Ref. 17, allowed us to minimize probe-induced perturbations
of the discharge. The probe was mounted on a shaft that

could be moved by hand in radial and axial directions. Yet
another probe, which we call an axial probe, was inserted
through a small orifice in the magnetic pole to measure
plasma parameters near the wall of the central ceramic piece
@see Fig. 2~b!#. Details of the probes operation and data
analysis techniques are discussed in Sec. III.

III. EXPERIMENTAL PROCEDURE

In the present study the 2.6 cm CHT was operated at the
discharge voltages of 250–300 V and Xe flow rate of 0.4
mg/s. The input power ranged from 140 to 180 W. Stability
of the thruster operation was strongly influenced by the cath-
ode neutralizer. The cathode ability to sustain the discharge
in the self-heating mode declined in time, possibly due to
emissive filament contamination by the sputtered probe ma-
terial. Therefore, to achieve stable thruster operation, it was
necessary to operate the cathode in the so-called outgas
mode, when a heating current of about 10 A was supplied to
the filament.

Emissive probes were dc current heated. Probe heating
power was about 20 W. Heating current and voltage were
monitored with multimeters. Floating potentials of cold and
emissive probes as well as the cathode potential were mea-
sured relative to the ground by a PC-based data acquisition
system. 50 MV: 0.5 MV low-inductance dividers and isola-
tion amplifiers with high input impedances were used for
these measurements.

In the biased probe measurements typical bias voltage
was varied between210Te and 12Te ~relative to the
plasma potential! with a ;20 s sweep. Probe bias voltage
and collected current were recorded by the data acquisition
system.

To avoid influence of the probes on the thruster opera-
tion, measurements at only two axial locations were done
simultaneously: While data were gathered at one axial posi-
tion, measurements at the other position provided reference
data for a cross check between different runs. Only one emis-
sive probe was operated during each experiment. No pertur-
bations of the discharge due to the electron emission from
the probe were observed. To check repeatability of the re-
sults, measurements at each axial location were performed
2–3 times with different~emissive and biased! probes in
most of the operating regimes.

The procedure to determine plasma potential and the
electron temperature was as follows. After thruster startup,
once the steady-state operation was achieved~typically, in
15–20 min!, an emissive probe was heated to emit electrons.
The heating current was increased until the floating potential
of the probe reached a nearly saturated value. Then, floating
potentialsf f

em and f f
c of the hot emissive probe and three

cold planar probes at the same axial location were measured.
~In the case of measurements with the axial probe and the
movable probe in the plume, floating potentialsf f

c andf f
em

were determined sequentially with the same probe, first cold,
then heated.! The uncertainty off f

em saturation was found to
be62 V. Estimated voltage drop along the hot emissive fila-
ment was;0.5 V. Measurements of floating potentials on the
outer channel wall showed that the discharge in the 2.6 cm
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CHT could be azimuthally asymmetric. At a given axial lo-
cation, values off f

c measured by different probes could vary
from each other by about 30% of their amplitude. However,
in most of the regimes this deviation was less than 10%. The
value of the floating potential, averaged over three planar
probes,f f

av5^f f
c&, was used in data analysis to characterize

the plasma at each axial location.
In Xe plasma with the Maxwellian electron distribution

function ~EDF!, the floating potentialf f is related to the
plasma potentialfpl as24

f f5fpl25.77Te . ~3!

Combining this formula with Eq.~2!, we find that the elec-
tron temperature and plasma potential can be deduced from
the measured quantities as

Te5~f f
em2f f

av!/4.27, ~4!

fpl5f f
em11.5Te , ~5!

We emphasize the fact that Eqs.~4!–~5! are valid only for the
Maxwellian EDF. In a Hall thruster, the EDF can be non-
Maxwellian due to the presence of the strong magnetic field
and electronE3B drift. Along with it, electron–wall colli-
sions can depopulate the tail of the EDF,25 thus strongly re-
ducing the effective secondary electron emission from the
channel walls and changing the overall balance of the elec-
tron energy.9 Although some observations demonstrated that
the EDF in the 2.6 cm CHT is indeed non-Maxwellian, thor-
ough investigation of the EDF, which presents an over-
whelmingly complicated experimental problem, was not at-
tempted in the present work. For a non-Maxwellian EDF
quantity Te , calculated from Eq.~4!, is believed to give a
rough estimate of the mean electron energy. A similar ap-
proach to estimation ofTe , applied to a larger Hall
thruster,26 produced values of electron energy that agreed
well with other measurements.27 The overall uncertainty as-
sociated with determination offpl andTe according to Eqs.
~4!–~5! is difficult to quantify because of:~i! herein men-
tioned azimuthal asymmetry of the discharge in the 2.6 cm
CHT and~ii ! possibly non-Maxwellian EDF.

To check the values of plasma potential and electron
temperature obtained with emissive probes, the standard bi-
ased Langmuir probe technique24 was employed. The mag-
netic field in the 2.6 cm CHT is not expected to significantly
decrease the electron saturation currentI es collected by the
0.74 mm diam planar probe. A depletion of the electron den-
sity in the magnetic flux tube sampled by a probe occurs
when the rate of electron diffusion across the magnetic field
becomes much less than the rate of electron escape to the
probe along the field lines28

16D'

d2
!

n te

Lcoll
.

Here,D' is the coefficient of diffusion across the magnetic
field, d is the probe diameter,n te is the electron thermal
velocity, andLcoll is the collection length of the flux tube,
which is determined by the distance between the thruster
walls. If combined with the expression forD' in a strong

magnetic field,D'5ve(n te/vce)
2, the last inequality can be

recast in terms of the electron collision frequencyve

ve!
d2vce

2

16n teLcoll
, ~6!

Here,vce is the electron cyclotron frequency. It is generally
accepted that three mechanisms contribute to the total elec-
tron collision frequencyve in a Hall thruster:~i! the classical
electron–neutral collisions;~ii ! the anomalous Bohm diffu-
sion; and~iii ! the electron–wall collisions~scattering and
secondary electron emission!. We can estimate the corre-
sponding collision frequencies as follows. In the annular part
of the 2.6 cm CHT at Xe flow of 0.4 mg/s the maximum
neutral atom densityNn is about 431013cm23. The typical
Te is about 16 eV. Therefore, the maximum electron–neutral
collision frequencyven;senNnn te(sen;4310215cm2 is the
total electron scattering cross section for Xe! does not exceed
approximately 33107 s21. The frequency of anomalous
Bohm diffusion is proportional to the electron gyrofre-
quency: va;avce. Both 1D and 2D Hall thruster
models29,30show that the best agreement between the experi-
mental and simulated data is achieved whena is chosen to
be a few times~typically, 5–6! smaller than Bohm’s coeffi-
cient 1/16. Assuminga;1022 we find that in the annular
part of the 2.6 cm CHTva should be about 1.53108 s21.
The maximum possible electron–wall collision frequency1

vew is on the order ofn te/Lcoll;2.53108 s21. Therefore, we
conclude that the electron conductivity is expected to be due
mainly to electron–wall collisions and to electron scattering
in the field fluctuations. The total electron collision fre-
quencyve is about 43108 s21, while the right-hand side of
Eq. ~6! is approximately equal to 6.53108 s21. According to
Ref. 28,ve must be more than 1 order of magnitude smaller
than the right-hand side of Eq.~6! to get at least a twofold
reduction of the electron saturation current on a probe. Thus,
under conditions of the present experiment the electron satu-
ration current is not expected to decrease significantly, as
compared with an unmagnetized plasma case.

Typical electron branch of the probeI –V characteristic
is shown in Fig. 3~a!. From the semilog graph of the probe
I –V trace,fpl was determined at the extrapolated knee, and
Te was estimated asTe5(fpl2f f

av)/5.77. In most of the
measurements, despite the knee rounding, it was possible to
unambiguously fit the trace with the straight lines just above
and below the plasma potential. The physical uncertainty of
the plasma potential measurement by a biased probe was
estimated to be610 V. However, in the measurements at the
channel exit (z522 mm location, outer wall! the knee of the
probe traces appeared to be completely smoothed out, possi-
bly due to fast ions collection. Thus, comparison of emissive
and biased probe data was carried out for probes located at
z55, 10.3, and 13.5 mm only.

The I –V trace can be seen to deviate appreciably from a
straight line at the bias voltages;40 V below the plasma
potential. Although this might be due to the non-Maxwellian
shape of the EDF, it is hard to assert so with confidence
because many factors can cause distortion of the trace.
Among those are high magnetic field, sheath, and edge ef-
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fects at the probe mounted flush with the ceramic wall, and
collection of fast ions. It is worth mentioning that the values
of Te deduced from the slope of the linear part of the probe
I –V trace,Te'e@d(Ln(I e))/dV#21, could exceed those ob-
tained from Eq.~4! by factor of about 1.5–2. However, the
systematic study of different electron populations in the 2.6
cm CHT did not seem feasible with the present probe setup.

Measurements of the ion saturation currentI is showed
that the plasma densityNi in the 2.6 cm CHT ranged over
(1 – 10)31011cm23. ~Plasma is assumed to be quasineutral,
thus, we do not distinguish between the electron and ion
densities.! Typical Te was about 16 eV. Then, the Debye
length lD and sheath thicknesss at negative bias potential
;210Te becomelD'(3 – 9)31022 mm ands'(1.7– 5)
31021 mm. Therefore, for the 0.74 mm diam planar probe,
collection area variation due to the edge effects and sheath
expansion should be significant. It must be noted here that in
a thruster channel with diameterD526 mm strong sheath
expansion effects are virtually inevitable for a planar probe
of any reasonably small sized!D. As shown in Fig. 3~b!,
the ion branch of a typical probeI –V characteristic does not
saturate indeed. It is customary to overcome this current non-
saturation by linearly extrapolating the ion current, measured
at highly negative bias voltages, to give the expected satura-
tion currentI is

p at the plasma potential. However, sheath ex-
pansion can be nonlinear.31 In fact, we found that the values
of I is

p tend to underestimate the real ion saturation current:
The measured ratioI es/I is

p appears to be larger than the value
predicted by the unmagnetized probe theory,

1.64AMi /2pme;320 for Xe plasma. On the other hand, the
values ofI is

f , obtained from linear extrapolation of the ion
current to the floating potential, appear to be closer to the
expected ion saturation current~see discussion in Sec. IV C!.
Ni was estimated using Bohm’s approximation24

I is50.61NieApATe

Mi
. ~7!

Here,Ap is the physical probe area,Mi is the mass of a Xe
atom, ande is the electron charge. Ions are assumed to be
singly charged. To characterize uncertainty in the determina-
tion of Ni , the upper and the lower bounds forNi were
calculated from the measured values ofI is

f and I is
p , respec-

tively.
Measurements of the plasma potential at the thruster axis

appeared to be extremely difficult to perform, primarily be-
cause of a very short lifetime of emissive probes in the dense
near-axis plasma with fast ions. Once heated to emit elec-
trons, the emissive filament was destroyed in approximately
40–50 s at the channel exit, and in less than 2 s inside the
thruster.

Probe insertion in the 2.6 cm CHT induced fierce dis-
charge perturbations if no precautions were taken. For ex-
ample, if a 1.22 mm diam alumina tube, emulating the probe,
was inserted axially a few millimeters inside the cylindrical
part of the channel, the mean discharge current increased by
a factor of;2. The use of a molybdenum shield that covered
the entire lateral surface of the probe17 allowed us to reduce
the perturbations significantly. When the tip of the emissive
probe was at the thruster exit, the average increase in the
discharge current was on the order of 10%~see Fig. 4!.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The results presented in this section were obtained for
the magnetic field distribution shown in Fig. 2. Currents in
the back and front thruster coils were held constant at 2.5
and 21 A, respectively. The cathode neutralizer was oper-
ated in the outgas mode, unless specified otherwise.

FIG. 3. ~a! Typical ln(Ie) vs bias voltage trace and~b! determination ofI is
f

andI is
p based on linear extrapolation of the ion current to the floating and the

plasma potentials.

FIG. 4. Perturbation of the discharge current induced by the shielded emis-
sive probe. The emissive filament is at the center of the channel exit cross
section. Heating current was turned on att'2 s, gradually increased until
the probe floating potential saturated att'4.8 s, and turned off att
'5.6 s.
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A. Comparison of the results of emissive and biased
probe measurements

Typical profiles offpl and Te , measured by emissive
and biased probes at the outer channel wall, are shown in
Fig. 5. Repeatability of the results is indicated byy-axis error
bars. ~Throughout this section, where available, the entire
statistical spread of the measured data is represented by
y-axis error bars.! X-axis error bars show the maximum
width of the magnetic flux tube sampled by a probe.

As follows from the graphs, the values offpl and Te

measured with biased probes are somewhat smaller than
those measured with emissive probes. However, the maxi-
mum deviation between the results, which is about 16%, is
believed to be within the uncertainties for both measurement
methods.

All the results presented below were obtained with the
use of the emissive probe technique.

B. Plasma potential and electron temperature

Measurements performed by the shielded emissive probe
showed that radial variation offpl andTe at the channel exit
and in the near plume was weak. Therefore, data measured at
the thruster axis (z522 and 32 mm! and at the outer channel

wall (z55, 10.3, and 13.5 mm! was combined to get the
axial profiles of plasma potential and estimated electron tem-
perature given in Fig. 6.

As follows from Fig. 6, the potential drop in the 2.6 cm
CHT is localized mainly in the cylindrical part of the channel
and beyond the thruster exit, in the plume. Ionization of neu-
trals occurs at the boundary of annular and cylindrical parts
of the channel because atz55 mm the electrons have al-
ready enough energy to ionize Xe atoms.

Since equipotentials tend to follow the magnetic field
lines, a complex 2D structure of the accelerating electric field
is formed in the 2.6 cm CHT. As indicated in Fig. 3~b!, ions
born in the annular part of the channel should be accelerated
predominantly in thez direction and towards the thruster
axis. Therefore, the outer wall erosion might be decreased
and a longer lifetime of the cylindrical thruster, as compared
with conventional geometry Hall thrusters, could be ex-
pected.

Some of the ions born in the annular part of the channel
hit the central ceramic piece on their way out of the thruster.
The probe atz510.3 mm location on the outer wall samples
the magnetic flux tube that intersects the central ceramic wall
near the edge of the annular part of the channel. The ex-
pected potential drop along the inner channel wall is then
approximately equal to or less than 60 V. The fraction of

FIG. 5. ~a! Plasma potential relative to the cathode and~b! electron tem-
perature profiles measured by emissive and biased probes at the outer chan-
nel wall: Ud5250 V. Axial probes locations arez55, 10.3, and 13.5 mm.
The edge of the annular part and the channel exit are located atz56 and 22
mm, respectively.Y-axis error bars represent the entire statistical spread of
the measured data.X-axis error bars show the maximum width of the mag-
netic flux tube sampled by a probe.

FIG. 6. ~a! Plasma potential relative to the cathode and~b! the electron
temperature measured by emissive probes at the outer wall (z55, 10.3, and
13.5 mm! and at the thruster axis (z522 and 32 mm!: Ud5250 V. The
values offpl and Te , measured at the central ceramic piece wall by the
axial probe, are also shown. Dashed lines atz56 and 22 mm show the edge
of the annular part and the channel exit, respectively.
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accelerated ions that actually hit the wall is not large because
the central pole is relatively short. Therefore, erosion rate of
the central ceramic piece in the 2.6 cm CHT should not be
significant.

Surprisingly, a considerable potential drop was observed
along the thruster axis in the plume, where the magnetic
field, as opposed to conventional~annular! Hall thrusters, is
weak. High potential drop could, in principle, appear if the
plume was not completely neutralized by the cathode. Atz
592 mm ~not shown in Fig. 6! plasma potentials relative to
the cathode and the electron temperature at the thruster axis
were about 44 V and 2.7 eV, respectively. Switching the
cathode from the outgas mode to the self-heating mode
caused a slight downstream shift of the acceleration region
and did not significantly change the electron temperature.
The influence of the cathode on the electron dynamics and
ion acceleration in the Hall thruster plume is worth studying
further.

As can be seen in Fig. 6~a!, the potential drop along the
thruster axis between the central ceramic piece and the chan-
nel exit is insignificant. Its maximum possible value is within
the data spread of the present measurements, which is about
25 V. Much larger potential drops along the magnetic field
lines were observed in the Kaufman ion source,7 which has a
mirror-type magnetic field distribution similar to that in the
central part of the CHT. In Ref. 7, the potential drop was
found to scale asDf;Te ln(R)/e, whereR is the mirror ratio
of the magnetic plug. Physical mechanisms underlying the
equalizing of the plasma potential along the magnetic mirror
plug in the 2.6 cm CHT are the subject of ongoing research.

Variation of fpl andTe profiles inside the thruster with
discharge voltage is illustrated by graphs given in Fig. 7.
Measurements atUd5275 V, z513.5 mm, and atUd

5300 V, z55, and 13.5 mm were performed with the cath-
ode operated in the self-heating mode. Potential profiles rise
gradually withUd while remaining similar to each other. The
maximum estimated electron temperature is about 21 eV,
which is too low to produce multiple ionization in the accel-
erated flux of Xe1 ions. This result agrees with the conclu-
sion made in a recent theoretical work.9 Numerical simula-
tions, performed within the framework of a quasi-1D
stationary thruster model, showed that space-charge satura-
tion of a wall sheath limits the temperature of Maxwellian
electrons in the thruster at a value insufficient for strong
ionization and multicharged ions generation. Therefore, the
increase in the propellant utilization in the 2.6 cm CHT does
not appear to be quantitatively explained by a reduction of
plasma wall losses.

C. Plasma density

The upper and the lower bounds ofNi , measured at the
outer channel wall as well as at the central ceramic piece
wall, are shown in Fig. 8. Due to the focusing electric field in
the cylindrical channel, contribution of fast ions to the ion
saturation current measured atz55 and 13.5 mm axial loca-
tions is expected to be negligible. Therefore, calculation of
Ni from Eq.~7! should be accurate enough. Higher values of
Ni , obtained atz522 mm, may be due to the fact that the

probe at the channel exit could intercept some fast ions. In
this case Eq.~7! leads to overestimation ofNi . Fast ions
impinging the outer wall at the channel exit might appear, for
example, because of the overfocusing of the ion flux. A con-
siderable flexibility in the magnetic configuration of the 2.6

FIG. 7. Variation of the~a! plasma potential relative to the cathode and~b!
electron temperature profiles inside the thruster with discharge voltage, as
measured by emissive probes at the outer channel wall. The edge of the
annular part and the channel exit are located atz56 and 22 mm, respec-
tively.

FIG. 8. The upper~circles! and the lower~squares! bounds ofNi , deter-
mined from the measured values ofI is

f and I is
p , respectively. Ud5250 V

measurements were performed at the outer channel wall atz55, 13.5, and
22.5 mm locations~solid symbols! and at the central ceramic piece wall at
the thruster axis (z56 mm, open symbols!. Dashed line atz522 mm shows
the location of the thruster exit plane.
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cm CHT might allow one to control the direction of ion
acceleration and eliminate the overfocusing, if it in fact oc-
curs.

The magnetic field in the annular part of the 2.6 cm CHT
is mainly radial. Using the estimates of the electron collision
frequenciesva and vew obtained in Sec. III, we can deter-
mine the plasma density necessary to conduct the observed
electric current across the magnetic field in the annular part
of the channel. First we exploit Ohm’s law to find the aver-
age electron velocity in the axial directionUe

29,30

meNeUevce
2

ve
5eNeS E2

1

eNe

d~NeTe!

dz D . ~8!

Here,E is the electric field andz is the axial coordinate. The
pressure term in the parentheses can be neglected because
near the boundary of the annular and the cylindrical regions
E is on the order of 120 V/cm@see Fig. 6~a!#, while the
product NeTe does not vary much@see Figs. 6~b! and 8#.
Thus,Ue;eEve /mevce

2 ;3.83105 cm/s. The potential drop
Df from the anode up to thez55 mm location is about 10 V.
The fraction of multicharged Xe ions in the total ion flux in
the annular part of the channel is expected to be small be-
cause of the relatively lowTe . Therefore, the maximum ion
axial fluid velocity Ui5(2eDf/Mi)

0.5 is approximately
equal to 3.83105 cm/s. In order to estimateNe we employ
the current continuity

I 5eSa~Ui1Ue!Ne , ~9!

whereI is the total electric current, which is equal to 0.6 A at
Ud5250 V, andSa53.77 cm2 is the anode area. Substituting
all the numerical values into Eq.~9!, we get Ne;1.3
31012cm23. Thus, the estimated plasma density in the an-
nular part of the channel appears to be closer to the upper
bound forNi , obtained from extrapolation of the measured
ion current to the floating potential.

It is important to note that the plasma density has a
prominent peak at the thruster axis:Ni at the axis is 4–8
times larger than in the annular part of the channel. The
deviation between the upper and the lower estimates ofNi at
the axis is, on the other hand, rather small, about 30% of the
mean value ofNi . This implies that the sheath expansion
effect plays a less important role for the axial probe due to
higher plasma density. The sharp maximum inNi might be a
manifestation of the convergent ion flux.

One can speculate that high propellant utilization in the
CHT is explained by an enhanced ionization in the central
near-axis part of the discharge. Since the axial magnetic field
lines appear to be almost equipotential, ions born in the
plasma at the thruster axis will make a few radial bounces
before leaving the channel, as sketched in Fig. 2~b!. There-
fore, the ion residence time in a very high-density near-axis
plasma may be increased. This, in conjunction with the fact
that the electrons streaming into the thruster from the cath-
ode can have a substantial high-energy population,32 might
bring about multiple ionization of Xe atoms.

V. CONCLUSIONS

Conventional~annular! Hall thrusters become inefficient
when scaled to small sizes because of the large surface-to-
volume ratio and the difficulty in miniaturizing the magnetic
circuit. Along with it, erosion of the walls of a small annular
channel can severely limit the thruster lifetime. An alterna-
tive approach, which may be more suitable for scaling to low
power, is a cylindrical Hall thruster. Both the 9 cm CHT,
operated in the subkilowatt power range, and the miniature
2.6 cm CHT, operated in the power range 50–300 W, exhibit
performance comparable with conventional annular Hall
thrusters of similar size.

Plasma potential, electron temperature, and plasma~ion!
density profiles inside the 2.6 cm CHT were measured using
stationary and slow movable emissive and biased Langmuir
probes. Even though the radial component of the magnetic
field has a maximum inside the annular part of the 2.6 cm
CHT, the potential drop is localized mainly in the cylindrical
part of the channel and in the plume. Ion acceleration is
expected to occur predominantly in the longitudinal direction
and towards the thruster axis. Therefore, the CHT, having
lower surface-to-volume ratio as compared with conven-
tional Hall thrusters, should suffer lower erosion of the chan-
nel walls due to fast ion bombardment.

A considerable potential drop along the thruster axis in
the plume, where the magnetic field of the 2.6 cm CHT, as
opposed to conventional~annular! Hall thrusters, is weak,
might be due to an incomplete neutralization of the plume
plasma by the cathode. The influence of the cathode on the
electron dynamics and ion acceleration in the Hall thruster
plume is a subject of ongoing research.

The distribution of plasma density in the cylindrical part
of the channel appears to be very nonuniform in the radial
direction: The density peaks at the thruster axis at about
(2.6– 3.8)31012cm23, while near the outer wall at the edge
of the annular and the cylindrical parts of the channel it is on
the order of (1.5– 6)31011cm23.

The axial profile of the estimated electron temperature in
the 2.6 cm CHT is rather flat. At the discharge voltage of 300
V, the maximum electron temperature is about 21 eV, which
is not enough to produce multiple ionization in the acceler-
ated flux of Xe1 ions. Therefore, the increase in the propel-
lant utilization in the 2.6 cm CHT does not appear to be
explained solely by a reduction of plasma wall losses. It is
suggested that formation of multicharged Xe ions might be
possible in the dense near-axis plasma, where the residence
time of slow ions can be increased by the electrostatic trap-
ping in the radial direction.
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